Abstract. Polypropylene (PP) was blended with ethylene vinyl acetate copolymer (EVA) to form PP/EVA polymer blends. Wood powder (WP) was mixed into these blends at different weight fractions (50/50/0, 45/45/10, 40/40/20, 35/35/30 w/w PP/EVA/WP) to form PP/EVA/WP blend composites. The morphology, as well as thermal and mechanical properties, of these composites were investigated. The scanning electron microscopy (SEM) and differential scanning calorimetry (DSC) results confirm the immiscibility of EVA and PP in the blends, and show that WP is primarily concentrated in the EVA phase. DSC results further show that the EVA crystallization behaviour is significantly influenced by the presence of WP. Dynamic mechanical analysis (DMA) results confirm immiscibility of PP and EVA, as well as an interaction between EVA and WP. Interaction between EVA and WP was further confirmed by Fourier-Transform infrared spectroscopy (FTIR). TGA results show that the blend composite degradation was also influenced by the presence of WP.
Introduction
Polymer blending, which is a very important technique in industrial practices, is performed to achieve specific properties such as improved mechanical properties that individual materials do not possess [1, 2] . Polymers can be blended directly by simply mixing them under specific conditions, or by using appropriate compatibilizers. Polymer blending has the following advantages: cheap, easily processable, and specific properties can be achieved depending on the composition and preparation methods [1] [2] [3] [4] . PP is one of the most important commodity polymers and is used in many areas, such as home appliances, automotive parts, construction and other important industrial applications. PP's applications are often limited due to its low impact strength and Young's modulus properties, particularly at low temperatures and high temperature loading conditions. Blending PP with different polymers is an economic and effective way to improve these drawbacks [5] [6] [7] [8] . EVA with different VA contents (16 and 28 wt%) have been blended with PP to enhance PP's low impact strength. The following observations on PP/EVA blending have already been reported [5, 9, 10] : -Two melting peaks and two glass transition peaks were observed indicating that PP/EVA blends are thermodynamically immiscible and also technologically non-compatible. -A co-continuous phase was observed in blends with an EVA content of 50 wt% or higher. -A mechanical locking interphase was found if the blend was kept below the crystallization temperature of PP.
-Partial compatibility was achieved by the addition of a crosslinking agent. -EVA acts as a good impact modifier.
-When a PP/EVA blend was irradiated, chain scission was initiated in the PP phase, while crosslinking prevailed in the EVA phase. Most polymer blends are immiscible on a molecular scale and form heterogeneous systems that affect their properties. One way of improving the properties of the blends is to introduce fillers into the systems [11] [12] [13] . Addition of fillers is favoured because it is a cheap, effective and a fast method to modify the properties of the base material. The degree of improvement often depends on the type of the filler (synthetic or natural), particle size and shape, filler content, and surface treatment which promotes interaction between the filler and the polymer matrix [5, 7] . The need for non-toxic and environmentally friendly materials favours the use of natural fibres, over inorganic and synthetic fillers, as fillers in polymeric materials. Dikobe and Luyt [14] and other researchers used lignocelluosic fillers as reinforcing material in different polymer matrices [15] [16] [17] [18] [19] [20] . Although there is extensive literature on the use of natural fillers in single polymers [14] [15] [16] [17] [18] [21] [22] [23] [24] [25] [26] , there are only a few studies dealing with polymer blends filled with natural fillers. Espert et al. [20] compared water absorption of natural cellulosic fibres from wood and one-year crops in polypropylene composites, as well as their influence on the mechanical properties of the composites. They reported that the use of a post-consumer polypropylene with a low percentage of EVA in its composition in some cases leads to improved resistance to water absorption and better mechanical properties, and that EVA can further improve the compatibility between the fibres and the matrix. The purpose of this study was to investigate the morphology and properties of PP/EVA binary blends and PP/EVA/WP polymer blend composite ternary systems. The paper reports on the effect of WP content on the morphology and properties of the polymer blend. We were interested in establishing the location of WP in these composites, and how this would influence the thermal and mechanical properties of these systems. to make up a total of 38 g (which is the mass required for thoroughly mixing the different components in the Brabender Plastograph mixer). Mixing of the samples was done at a temperature of 180°C and a mixing speed of 30 rpm for 15 minutes. The samples were then melt pressed at 190°C and 100 bar for 3 minutes. The pressed samples were allowed to cool at room temperature for 10 minutes before touching them to avoid air from penetrating, which would promote the formation of bubbles. DSC analyses were carried out in a Perkin Elmer DSC7 differential scanning calorimeter (Wellesley, Massachusetts, USA) under flowing nitrogen (20 ml·min -1 ). Samples with masses of approximately 7.5 mg were heated from 25 to 190°C at a rate of 10°C·min -1 in order to eliminate the thermal history, cooled to 25°C at 2°C·min -1 and reheated under the same conditions. For each sample the melting and crystallization data were obtained from the second scan. The morphologies of the 50/50 w/w PP/EVA blend and the 40/40/20 w/w PP/EVA/WP composite were examined using a Shimadzu 5SX-550 Superscan scanning electron microscope. The samples were immersed in liquid nitrogen to ensure perfect breakage. The fractured surface was sputter coated with gold dust (60 nm) before viewing.
Materials and methods

PP
A careful separation of the polymers was performed by selective Soxhlet solvent extraction. The EVA in the 50/50 w/w PP/EVA blend and the 40/40/20 w/w PP/EVA/WP blend composite were extracted using n-heptane at 20°C for 24 hours. The residues from these samples were dried in an oven at 50°C for 24 h. The dried samples were sputter coated with gold dust (60 nm) and SEM micrographs were obtained using a Shimadzu 5SX-550 Superscan scanning electron microscope. For DMA analysis, rectangular samples of 20 mm×5 mm×0.5 mm were used. A Perkin Elmer Diamond DMA was used for the evaluation of the storage modulus, loss modulus and mechanical damping factor. The temperature range over which the properties were measured was -100 to 100°C at a heating rate of 5°C·min -1 under 30 ml·min -1 flowing nitrogen. The tests were carried out at a frequency of 1 Hz. FTIR microscopy was performed using a Perkin Elmer Precisely Multiscope. Very thin samples were placed under the microscope, and microscope photos as well as FTIR spectra of the desired areas were collected. The samples were scanned using a Perkin Elmer Spectrum 100 FTIR spectrometer over 400-4000 cm -1 at a resolution of 4 cm -1 . Thermogravimetric analyses (TGA) were carried out on a Pelkin-Elmer TGA7 thermogravimetric analyzer. Samples having a mass of approximately 7 mg were heated from 25 to 600°C at 20°C·min -1 under flowing nitrogen (20 ml·min -1 ). Tensile testing was performed under ambient conditions on a Hounsfield H5KS universal tester at a cross-head speed of 50 mm·min -1 . Tensile test specimens (gauge length 24 mm, width 5 mm, thickness 2 mm) were prepared using a dumbbell shaped hollow die punch. Six samples per composition were analysed. A statistics computer programme was used to eliminate out-of-range values, and the mean of the accepted values was reported.
The tensile strength, Young's modulus, and elongation at break values were obtained from this testing.
Results and discussion
The DSC curves in Figure 1 show endothermic melting peaks at 99°C for EVA and 165°C for PP. The PP/EVA blend has two melting peaks at 99 and 168°C, indicating immiscibility of EVA and PP. The WP blend composites show a decrease in EVA melting point to 86°C, while the PP melting point remains around 166°C. Decreasing amounts of EVA and PP gave rise to decreasing melting enthalpies (Table 1) . This was to be expected, since the melting enthalpies are related to the amounts of polymer in the sample, and since the amounts of polymer decrease with increasing WP content in the sample, the melting peak sizes and related enthalpies should correspondingly decrease. It is, however, possible that the presence of solid filler may influence the crystallization behaviour of either or both polymers, and it was decided to compare the experimentally observed enthalpy values with calculated enthalpy values. These values were calculated assuming that the composites were com- pletely homogeneous and that neither blending nor the presence of WP changed the crystallization characteristics of either polymer. Table 1 shows that there is a good correlation between the experimentally observed and theoretically calculated enthalpies for both PP and EVA in the 50/50 w/w PP/EVA blend. This confirms that a completely immiscible blend was formed, and that neither polymer had an influence on the crystallization behaviour of the other polymer. Further support for this may be found in the fact that there was also very little change in the melting peak temperatures of the two polymers after blending.
In the PP/EVA/WP composites, the experimentally observed enthalpies for EVA melting were significantly lower than the calculated values. In comparison, the experimentally observed and calculated enthalpy values for PP melting are almost the same for all three investigated composites ( Table 1) . The peak temperatures of PP melting in the composites are also not significantly different from those of pure PP and blended PP, while those of EVA in the composites are significantly lower than those of pure EVA and blended EVA. This shows that WP is situated primarily in the EVA phase and strongly interacts with EVA. As a result of this interaction, the EVA chains are immobilized by the WP particles, which results in a reduced crystallization of EVA. This conclusion is supported by the positions of the crystallization peaks in Figure 2 that are at significantly lower temperatures for EVA. It has been reported [20] that the addition of cellulosic material to a PP/EVA blend causes a decrease in crystallization, melting and oxidation temperatures, and an insignificant increase in crystallinity of the blend. However, the authors of this paper did not distinguish between the PP and EVA phases in the blend. Salemane and Luyt [15] reported an increase in crystallinity of PP in the presence of WP, and in the absence of a compatibilizer [15] . The SEM photos of the fracture surfaces of the 50/50 w/w PP/EVA blend before and after extraction are shown in Figure 3 . Figure 3a shows that it is not possible to see separate PP and EVA phases on the SEM photo of the 50/50 w/w PP/EVA blend; this is in line with observations by Mihaylova et al. [9] , who used SEM to study the supramolecular structures of PP/EVA blends. Their SEM microphotographs of the unirradiated blends show that in EVA-rich blends, EVA was the continuous phase, while PP was identified as spherical particles within the blend. When PP was the major phase, PP formed the continuous phase, while EVA showed partially coalesced droplets. However, the authors found it difficult to distinguish the two components in the 50/50 w/w PP/EVA blend; although the images could show brittle surfaces (related to PP) and regions where plastic deformations (related to rubbery EVA) have occurred. This finding suggested a co-continuous structure for the 50/50 w/w PP/EVA sample. Gupta et al. [27] , in a similar study on PP/EVA blends, observed the same behaviour. The SEM photo of our 50/50 w/w PP/ EVA blend, after extraction in n-heptane, clearly confirms this co-continuous structure (Figure 3b ). The SEM photo (Figure 4a ) of the 40/40/20 w/w PP/EVA/WP blend composite before extraction shows WP particles intimately covered by a polymer (arrow A), which probably is EVA (according to the DSC observations). Although the two polymers are not distinguishable in the photo, it may be assumed with some certainty that the smooth phase (arrow B) consists primarily of PP. The arrow in the SEM photo of the n-heptane extracted 40/40/ 20 w/w PP/EVA/WP blend composite clearly shows the loose WP particle in the hole left by the extracted EVA (Figure 4b ). This confirms that the WP particles were primarily located in the EVA phase of the immiscible blend. DMA storage modulus and damping factor curves of all the investigated samples are shown in Figures 5 and 6. Figure 5 shows that at low temperatures EVA has slightly lower storage moduli than PP, but the difference becomes more significant with increasing temperature. The PP/EVA polymer blend and the WP blend composites have storage moduli between those of pure EVA and pure PP over the whole temperature range. It is interesting that the presence of wood powder does not seem to significantly change the storage moduli, probably because it is concentrated in the EVA phase. The damping factor curve of EVA shows two different transitions, the β-transition at about 0°C and the α-transition at about 58°C ( Figure 6 ). The β-transition corresponds to the glass transition of EVA. PP has a β-transition peak at about 16°C. This transition corresponds to the glass transition of the amorphous region in PP [1, 22] . The PP/EVA blend shows all the characteristic peaks of pure PP and pure EVA, indicating complete immiscibility of the two components. In the case of the PP/EVA/WP blend composites, the α-transition of EVA is no longer visible, which shows that the interaction between EVA and WP has a significant influence on the interlamellar shear properties of EVA. Figure 7 shows the formation of three separate phases, a dark area, a darker interface and a light area. FTIR analysis of the light areas gave a spectrum corresponding to that of PP (Figure 8 ). This observation confirms that WP has no affinity for PP. The dark (a) and interfacial (b) areas gave spectra corresponding to that of 40/ 40/20 w/w PP/EVA/WP. The spectrum shows the -OH peak (around 3400 cm -1 ), indicating the presence of WP, while the other peaks are characteristic peaks of EVA and not PP (Figure 8 ). All the spectra show strong absorbance peaks around 2850 and 2920 cm -1 that are associated with the C-H asymmetric stretching of the polymers. The peak representing the vibration of the -C=O ester of the carboxyl group appears at 1750 cm -1 in pure EVA, the PP/EVA blend and the PP/EVA/WP blend composite. The fact that the PP/EVA blend spectrum shows all the characteristic peaks for pure EVA and pure PP, and that no new peaks are observed, indicate the absence of any reaction or interaction between EVA and PP, which supports the SEM, DSC and DMA observations. The lack of vibrational changes in PP/EVA compared to pure PP and pure EVA was also reported by HuertaMartinez et al. [5] , who indicated that the vibrational changes of the carbonyl group would be noticed only in miscible blends. The presence of WP in the blend composite is indicated by a strong, broad -OH functional group stretching vibration around 3400 cm -1 . The -C=O peak at 1750 cm -1 in the blend composite is much less intense than that in pure EVA and the PP/EVA blend, probably as a result of the -C=O interaction with the -OH in WP. Thermogravimetric analysis (TGA) was used to investigate the thermal stability and degradation of PP, EVA, the PP/EVA blend and the PP/EVA/WP blend composites. The TGA and derivative TGA curves of these samples are shown in mally more stable than PP. However, the blend degrades at a slower rate than pure PP due to the influence of the more thermally stable EVA backbone. The blend composites show two degradation steps; the first one is atrributed to the degradation of WP combined with de-acetylation, and the second one is due to the degradation of PP and the EVA backbone. The onset temperatures of the first degradation step of the composites decrease and the intensities of the derivative peaks ( Figure 10 ) increase as the WP content increases. The second degradation step of the composites starts at higher temperatures than that for the 50/50 w/w PP/EVA blend. This may be attributed to the interfacial interaction between WP and the EVA part of the PP/EVA blend. Qui et al. [23] studied the structure and properties of composites of highly crystalline cellulose with PP, and reported that no significant change was observed in the thermal stability of PP in the presence of cellulose due to the lack of compatibility between the two. However, when the system was compatibilized with maleic anhydride grafted PP (MAPP), the thermo-oxidative stability of the PP/cellulose composites was enhanced due to the improvement in interfacial interaction between PP matrix and cellulosic filler, promoted by MAPP. Joseph et al. [26] also reported that the addition of short sisal fibre to PP yielded composites that are more thermally stable than the PP matrix. Another reason for the second degradation step starting at higher temperatures may be the retardation of the evaporation of volatile degradation products due to the char formed during the first degradation step. Peeterbroeck et al. [28] reported a delay in the thermal degradation with the addition of clay to EVA, mainly due to a decrease in the rate of evolution of the volatile products. Duquesne et al. [7] reported that the second degradation step (which corresponds to the decomposition of the polyethylenic fraction) in EVA-nanoclay systems occurred at a higher temperature in the presence of clay. This behaviour was attributed to a diffusion effect, which limited the emission of the gaseous degradation products, resulting in an increase in the thermal stability of the second degradation step of EVA. The tensile properties of the blend and composites as a function of filler content are presented in Table 2 . Generally, the filler plays an important role in determining the mechanical properties of lignocellulosic filled thermoplastics [1-5, 20, 26] . The tensile moduli of pure PP and pure EVA are 498 and 38 MPa respectively, and the modulus of the PP/EVA blend is an average of these values (Table 2) . This is to be expected, because PP and EVA form a totally immiscible blend (see Figure 3) , and the blend will have a tensile modulus to which both polymers contribute equally. Table 2 shows an increase in modulus of the composites with an increase in WP content, because rigid fillers normally increase the stiffness of a composite [23] . The PP/EVA blend has an elongation at break lower than those of the individual polymers, because the interfaces between the two non-compatible polymers form defect points where stress cracking will occur more easily. A further decrease in elongation at break was experienced with increasing WP content, which is normal for these types of composites [13, 18, 19, 23] . It is commonly explained as being due to the restriction in chain mobility of the matrix, and to the filler particles acting as defect points. The tensile strengths of the composite samples decrease with an increase in WP content. This is probably the result of WP particles locating themselves in the EVA phase. Although the WP has a greater affinity for EVA, and seems to preferably locate itself inside the EVA phase, there will not be enough EVA in the blends with high WP contents, and as a result a fair amount of WP particles may locate themselves at the EVA-PP interface. The tensile strengths of these composites will therefore decrease because of the weak interaction between WP and PP. Kim et al. [25] reported that the tensile strength of WP filled PP composites decreased with increasing bio-flour loading due to the weak interfacial adhesion and low compatibility between the hydrophilic bio-flour and hydrophobic PP.
Conclusions
PP/EVA/WP polymer blend composites were prepared and their morphology as well as thermal and mechanical properties were investigated. The PP/EVA blend shows immiscibility due to a lack of interaction between PP and EVA. SEM and FTIR microscopy shows in lack of homogeneity as indicated by island formation within the blend composite. In the blend composites the WP has a higher affinity for EVA than for PP. This significantly influenced the crystallization behaviour of EVA, which was clearly observed from both the DSC and DMA results. The presence of WP in the PP/EVA blend caused a decrease in the degradation temperature of the first degradation step, which is a combination of WP degradation and EVA de-acetylation. At the same time the degradation temperature of the second step increased, probably as a result of the strong interaction between WP and EVA combined with retardation in the evolution of volatile degradation products. The stress and the strain at break of the blend composites decreased with an increase in WP content, while the modulus increased.
